The orientation and electrical properties of Pb(Zr,Ti)O 3 thin films deposited on a Pt/Ti/SiO 2 /Si substrate using lanthanum nickel nitrate as a conductive buffer layer were analyzed. The lanthanum nickel nitrate buffer layer was not only electrically conductive but also effective in controlling the texture of the lead zirconate titanate (PZT) thin film. The role of the lanthanum nickel nitrate buffer layer and its effects on the orientation of the PZT thin film were analyzed by x-ray diffraction, electron beam back-scattered diffraction, and scanning electron microscopy. The annealed lanthanum nickel nitrate buffer layer was sufficiently conducting for use in longitudinal electrode configuration devices. The dielectric, ferroelectric, and piezoelectric properties of the highly (100) oriented PZT films grown with the lanthanum nickel nitrate buffer layer were measured and compared with those of (111) and (100) oriented PZT films deposited without a buffer layer.
I. INTRODUCTION
Lead zirconate titanate [Pb(Zr x Ti 1−x )O 3 (PZT)] films have great potential for use in microactuators, sensors, and memory applications. The polarization switching and high capacitance of a thin film configuration are attractive for memory devices such as dynamic random-access memory (DRAM) and nonvolatile ferroelectric randomaccess memory (FeRAM). 1 Furthermore, the large piezoelectric constants and high electromechanical-coupling factors of a PZT film are favorable for acoustic applications. 2 Because the ferroelectric properties of the PZT films originate from their structural anisotropy, it is essential to prepare highly textured or epitaxial thin films to take full advantage of these properties.
A great deal of efforts has been made in an attempt to grow highly textured PZT films to optimize their properties and reproducibility. In previous studies, (111) and (100) oriented PZT films were fabricated on a platinized silicon substrate using the sol-gel method by precisely controlling the pyrolysis and annealing temperatures. 3, 4 In addition, epitaxial oxide electrodes or templates such as those made of YBa 2 Cu 3 O 7− , SrRuO 3 , LaSrCoO 3 , and LaNiO 3 have also been used for the purpose of textured film deposition, low-temperature crystallization, and fatigue-free polarization switching. [5] [6] [7] [8] However, most of the methods of deposition used in the previous studies are sensitive to temperature or other deposition conditions and require expensive vacuum processes. In a previous study, a new and reproducible technique for controlling the orientation of the PZT film was introduced, using lanthanum nitrate as a buffer layer, and which operates via a simple sol-gel and metalorganic decomposition (MOD) route. The PZT films coated with the lanthanum nitrate buffer layer annealed between 450-550°C showed a strong (100) orientation, regardless of the deposition conditions of the PZT. 9 The intermediate phase formed between PZT and lanthanum nitrate was found to promote the crystallization of the (100) oriented nuclei, which have the lowest surface energy. 10 However, lanthanum nitrate turns into non-conductive lanthanum oxide (La 2 O 3 ) at temperatures greater than 640°C. 11 Currently, most applications require a longitudinal electrode structure. This means that the electric field is applied in the longitudinal direction of the film. In this case, a high voltage is applied to the low-dielectric constant layer. This low dielectric layer poses a serious problem when the film thickness decreases, particularly at thicknesses ഛ1 m. Many applications, including memory devices, require a conducting and nonmetallic (oxide) buffer layer, not only to conserve the field strength, but also to limit the effect of fatigue. 6, 8 The LaNiO 3 material is a perovskite-type metallic oxide, which is a Pauli paramagnetic and metallic oxide down to 0.4 K. 12 Previous studies have reported that highly (100) oriented PbTiO 3 (PT) and PZT films can be fabricated using highly (100) oriented LaNiO 3 film as the bottom electrode or buffer layer. [13] [14] [15] Most of the reports on the deposition of textured PZT film using LaNiO 3 electrodes focused on the fabrication of highly textured LaNiO 3 films, as well lattice-matched seed layers, to control the texture of the perovskite structured PT and PZT films. However, this method requires a relatively complex and sensitive fabrication process. In this study, the effects produced by the addition of nickel to the lanthanum nitrate buffer layer on the conductivity of the buffer layer and on the orientation of the PZT film were analyzed. Moreover, the crystallographic dependence of the ferroelectric and piezoelectric properties of highly textured PZT films coated with lanthanum nitrate (LaNit) and lanthanum nickel nitrate (LaNiNit) buffer layers were characterized and compared with the previously reported results. /Si substrate as a surfactant bonding layer. Subsequently, the La-Ni solutions were coated onto the PVP layer. Without the PVP surfactant layer, the solution was dispersed into fine drops due to its high surface energy and low wettability, as in the case of the lanthanum nitrate (LaNit) solution. 10 In contrast, the La-Ni precursors coated with the PVP surfactant layer showed very good wettability on the Pt/Ti/SiO 2 /Si which might be due to hydrogen bonding between the C‫ס‬O groups of the PVP and the OH groups of the precursors. The buffer layers were heated to 350-650°C.
II. EXPERIMENTAL PROCEDURE
The PZT stock solutions corresponding to the general formula Pb(Zr x Ti 1−x )O 3 (i.e., PZTx/1−x) were prepared by means of the methoxyethanol based sol-gel method using acetylacetone as the chealating agent. Rhombohedral (60/40) and near morphotropic phase boundary (52/48) compositions of the PZT were prepared. This 52/48 composition of the PZT films was used for all of the experiments conducted in this study, except for the measurement of the piezoelectric properties. Lead acetate trihydrate was dissolved in methoxyethanol and distilled at 100°C for 2 h. A 10% excess of lead acetate was added to this solution, to compensate for the evaporation of lead during the annealing of the films. Zirconium n-propoxide and titanium isopropoxide were diluted in n-propanol and chelated using acetylacetone in a glove box to avoid any reaction occurring with water. The lead acetate-methoxyethanol solution was then cooled to 80°C and added to the Zr-Ti solution dropwise and stirred for 1 h. A 1:1 H 2 O/n-propanol solution was then added to the solution to partially hydrolyze the stock solution. The concentration of the final stock solution was adjusted to 0.33 M. The precursors were spin-coated on various substrates at 3000 rpm for 40 s, and the coated film was then pyrolyzed at 350°C for 5 min on a hotplate. After coating 3 times, the film was annealed at 650°C for 20 min by inserting the sample directly into a furnace. The process was repeated 4 times to yield an 800-nm-thick film.
The phases and orientation of the PZT films were identified by x-ray diffraction (XRD; -2 scanning, M18XHF-SRA, Mac Science, Yokohama, Japan) and were confirmed by means of pole figures obtained by electron back scattering diffraction (EBSD; model OPAL, Oxford, UK). The microstructures of the PZT films were observed by field-emission scanning electron microscopy (FE-SEM, JSM-6330F, JEOL, Tokyo, Japan). The polarization and dielectric hysteresis of the PZT film were measured using a standardized ferroelectric test system (TF-2000, AixACT Technologies, Aachen, Germany) and an impedance meter (HP 4194A, Hewlett-Packard, Palo Alto, CA), respectively. The effective piezoelectric coefficient was estimated using the strain-monitoring pneumatic loading method (SMPLM). 16 
III. RESULTS AND DISCUSSION
To examine the effect produced by the addition of nickel on the orientation of the PZT films with the buffer layer, the phase evolution of the PZT films was analyzed as a function of the La/Ni ratio and the annealing temperature of the buffer layer using x-ray diffraction. Figure 1(a) shows the XRD phase development of the PZT films after pyrolysis at 350°C and annealing at 650°C on a lanthanum nickel nitrate (LaNiNit) buffer layer deposited using a solution containing lanthanum nitrate and nickel nitrate precursors, whose relative concentrations corresponded to the desired Ni/La ratio. Figure 1(b) shows the phase ratio of the PZT films as a function of the Ni/La ratio. The phase ratio was calculated using the equation, R x = I x /(I 100 + I 110 + I 111 ). As can be seen in
Figs. 1(a) and 1(b), the PZT film coated with the lanthanum nitrate (LaNit) buffer layer had an almost 100% (100) perovskite peak. The (100) orientation decreased slightly with increasing Ni/La ratio. However, it was still higher than 94% even at an Ni/La ratio of 5/5, at which point the conductivity of the buffer layer was expected to be high.
The dependence of the orientation of the PZT films on the heat treatment temperature of the LaNiNit buffer layer with an Ni/La ratio of 5/5 was analyzed, and the results are shown in Fig. 2 . The (100) XRD peak intensity ratio showed the highest value at a heat treatment temperature for the buffer layer of 450°C, and this ratio decreased sharply at 550°C. This suggests that a (100) oriented PZT film can be fabricated using a La-Ni buffer layer deposited using a solution containing nickel and lanthanum precursors in nitrate form. On the other hand, the addition of nickel using a precursor in the acetate form was not effective in controlling the orientation of the PZT films. Figure 3 shows the XRD patterns of the LaNiNit buffer layers heat treated at 450 and 650°C, and those of the PZT films coated on the buffer layers, plotted on a logarithmic intensity scale for the purpose of identifying any supplementary small peaks. The LaNiNit buffer layer annealed at 450°C showed no detectable phase. However, the PZT film coated on the buffer layer showed a (100) preferred orientation. The LaNiNit buffer layer heat treated at 650°C showed extremely small (100) and (110) LaNiO 3 perovskite peaks, while the PZT film coated on the buffer layer showed a (100) and (110) mixed orientation. In these experiments, the La-Ni buffer layer was quite thin (<15 nm), and the grain size of the buffer layer was quite small, as in the case of the LaNit buffer layer. 10 The (100) orientation of the PZT films on the lanthanum nitrate-nickel nitrate buffer layer was maintained until the heat treatment temperature of the buffer layer reached ∼500°C. However, the texture became more random at heat treatment temperatures ജ550°C. A previous study 9 reported that PZT with a strong (100) texture was obtained on a lanthanum nitrate buffer at a heat treatment temperature of between 450 and 550°C. The preferred orientation of the PZT film on the LaNit buffer layer was deemed to be controlled by an intermediate phase formed between the PZT and LaNit. 10 From these results, it was estimated that the lanthanum nitrate played an important role in the nucleation of the (100) oriented PZT on the lanthanum nickel nitrate buffer layer. These effects disappeared at the higher temperatures due to the decrease in the level of lanthanum nitrate resulting from the reaction between lanthanum nitrate and nickel nitrate, and also from the formation of an oxide phase. This layer barely reacted with the PZT, thus preventing the formation of the intermediate phase. Highly (100) oriented 800-nm-thick PZT films were prepared by means of a multi-coating method with LaNit and LaNiNit as the buffer layer. For the purpose of comparison, (100) preferred oriented PZT film without a buffer layer was also fabricated by precisely controlling the pyrolysis temperature.
9 Figure 4 shows the XRD phase evolution of the (100) oriented PZT films on a logarithmic intensity scale, to be able to identify any small peaks. The film coated without the buffer layer showed a relatively large (111) peak ratio (I 111 /I 100 ∼ 0.1) and a small (110) peak. However, only the (100) peak was observed in the PZT films deposited with the LaNit (100) oriented PZT film without a buffer layer obtained by precisely controlling the pyrolysis conditions. (c, d) (100) oriented PZT film obtained using a lanthanum nitrate buffer layer, and (e, f ) (100) oriented PZT film obtained using a lanthanum nickel nitrate buffer layer.
buffer layer. A small (110) peak was observed but no (111) peak was detectable in the PZT film coated with the LaNiNit buffer layer. The (111) orientation seems to be suppressed because this orientation is developed by lattice matching with the Pt(111) substrate or Pb x Pt y intermediate phases. 3, 4 No (110) peak was detectable in the PZT film coated with the LaNit buffer layer; however, a small (110) peak was observed in the PZT film coated with the LaNiNit buffer layer. The results show that the addition of nickel decreases the driving force of the (100) texture generation induced by the LaNit buffer layer, possibly due to the formation of another phase caused by the reaction of lanthanum nitrate and nickel nitrate at temperatures lower than 500°C.
Typical scanning electron microscope (SEM) micrographs of the (100) oriented film coated both without a buffer layer and with the LaNit and LaNiNit buffer layers are shown in Figs. 5(a)-5(c). The microstructural morphology of the PZT films coated without the buffer layer showed a large grain size distribution; a mixture of small and large grains was observed. On the other hand, the grain size of the films grown with the LaNit and LaNiNit buffer layers was relatively small and the grain size distribution was narrow. The LaNit buffer layer decreases the nucleation barrier of the PZT perovskite phase and acts as a seed layer for the nucleation site of the PZT perovskite phase. 10 The film coated with the LaNit and LaNiNit buffer layer showed almost the same microstructure, which was attributed to the ability of LaNit to act as a seed for the (100) PZT nuclei. These results are in agreement with the hypothesis that lanthanum nitrate generates an intermediate phase that reduce the nucleation energy and supplies nucleation sites.
The orientation of the PZT films in the normal and transverse direction was analyzed by means of a polefigure obtained using the EBSD measurement system. Figure 6 shows an inverse pole-figure of the (100) preferred PZT films without a buffer layer prepared by the precisely controlling the pyrolysis temperature (a, b), and highly (100) oriented PZT films with a LaNit (c, d) and LaNiNit buffer layer (e, f) on the Pt/Ti/SiO 2 /Si substrate. These films were textured in the normal direction, but showed no texture in the transverse direction. The (100) oriented PZT film without a buffer layer had a poorer texture than the (100) oriented film with the LaNit and LaNiNit buffer layer. PZT films with a (100) texture are known to develop on a Pt/Ti/SiO 2 /Si substrate as a result of a the low surface energy of the PZT (100) plane 3 or lattice matching of the PZT with PbO (100) microcrystals. 4 However, the driving force for the (100) orientation on the platinized silicon substrate appears to be weaker than that for the (111) orientation. Therefore, obtaining well oriented (100) PZT films by controlling the heat treatment conditions during their deposition is quite difficult. On the other hand, the PZT films grown with the LaNit and LaNiNit buffer layer had a strong (100) texture, as was observed in the inverse pole-figure results (Fig. 6 ). It should be noted that the (100) texture of the PZT film coated with the LaNiNit buffer layer is similar to that of the LaNit buffer layer. Hence, the LaNiNit buffer layer is quite effective in controlling the texture of the PZT film. Figure 7 shows the polarization hysteresis of the (111) and (100) oriented PZT films coated both without the buffer layer and with the LaNit and LaNiNit buffer layers, as a function of the applied electric field. The coercive field of the PZT film with an LaNiNit buffer layer was decreased in comparison with that of the film containing the LaNit buffer layer, whose value was similar to that of the PZT film without the buffer layer. This means that the annealed LaNiNit buffer layer was successfully transformed to conducting LaNiO 3 . The remanent polarization values of the film with the LaNiNit buffer layer were slightly higher than those of the PZT film without the buffer layer. Figure 8 shows the relative dielectric constant of the (111) and (100) oriented PZT films coated without the buffer layer and those of the films with the LaNit and LaNiNit buffer layers as a function of the applied electric field. The dielectric constant of the film with the LaNit buffer layer was much lower than that of the PZT film without the buffer layer, as a result of the low dielectric lanthanum oxide layer formed during the heat treatment. On the other hand, the dielectric constant of the film with the LaNiNit buffer layer was higher than that of the PZT film without the buffer layer, because of the high conductivity of the LaNiO 3 layer formed during the annealing step.
The piezoelectric coefficient d 33 of the rhombohedral PZT (60/40) films of the (111) and (100) orientation FIG. 7 . Polarization hysteresis curve of (111) oriented PZT film without a buffer layer, (100) oriented PZT film without a buffer layer, and highly (100) oriented PZT film coated with LaNit and LaNiNit buffer layers.
coated without a buffer layer, and those of the strongly (100) textured films with the LaNit and LaNiNit buffer layers were measured using specimens poled at 300 kV/cm (Fig. 9) . For the rhombohedral film, the largest piezoelectric response was observed in the film with the (100) orientation. The largest piezoelectric coefficient lies along the (100) direction of the perovskite unit cell, and the lowest along the direction of spontaneous polarization, i.e., the (111) direction. [17] [18] [19] Therefore, the (100) texture is the preferred choice for piezoelectric applications. The piezoelectric values obtained in these experiments are also in agreement with the theoretical expectations. The (100) oriented films had higher piezoelectric coefficients than the (111) oriented film. The PZT films coated with the buffer layers showed a higher piezoelectric response than the PZT film coated without the buffer layer due to the strong (100) orientation obtained in the former case. The detrimental effects of the low dielectric La 2 O 3 layer formed from the LaNit buffer layer was not observed in the piezoelectric properties, because the characterization method used in these experiments made use of the direct piezoelectric response, which measures the integrated charges after applying a force to the film. 16 
IV. SUMMARY AND CONCLUSIONS
A conducting and orientation controllable lanthanum nickel nitrate buffer layer was fabricated using a solution containing lanthanum nitrate and nickel nitrate as the precursor. Highly (100) oriented PZT films were successfully deposited using a lanthanum nickel nitrate (LaNiNit) buffer layer. The optimum heat-treatment temperature of the LaNiNit buffer layer was approximately 450°C. The annealed buffer layer was found to be sufficiently transformed to the conducting LaNiO 3 material after the annealing process of the PZT film. Highly (100) oriented PZT films with a rhombohedral composition were deposited on a Pt/Ti/SiO 2 /Si substrate using lanthanum nickel nitrate as a buffer layer, and the dielectric, polarization, and piezoelectric properties of the PZT films were analyzed. The films with the LaNiNit buffer layer showed a higher remanent polarization and a lower coercive field than those of the (100) oriented films without the buffer layer. Highly (100) oriented films of rhombohedral composition, which included a buffer layer, exhibited a piezoelectric response which was superior to those of the (111) and (100) oriented films without the buffer layer. FIG. 9 . d 33 piezoelectric coefficients of (111) oriented PZT film without a buffer layer, (100) oriented PZT film without a buffer layer, and highly (100) oriented PZT film coated with LaNit and LaNiNit buffer layers.
FIG. 8.
Relative dielectric constant of (111) oriented PZT film without a buffer layer, (100) oriented PZT film without a buffer layer, and highly (100) oriented PZT film coated with LaNit and LaNiNit buffer layers.
